† The Nexfin TM device could not record the arterial pressure on several patients and further development may be of value.
Background. Continuous non-invasive measurement of finger arterial pressure (FAP) is a reliable technology in adults. FAP is measured with an inflatable cuff around the finger and simultaneously converted to a reconstructed brachial artery pressure waveform (reBAP) by the Nexfin TM device. We assessed the adequacy of a prototype device (Nexfinpaediatric), designed for a paediatric population, for detecting rapid arterial pressure changes in children during cardiac surgery.
Methods. Thirteen anaesthetized children with a median age of 11 months (2 months -7 yr) undergoing congenital cardiac surgery were included in the study. reBAP and intra-arterial pressure (IAP) were recorded simultaneously during the surgical procedure. To assess the accuracy of reBAP in tracking arterial pressure changes, the four largest IAP variations within a 5 min time interval were identified from each procedure. These variations were compared offline with reBAP during a 10 s control period before and a 10 s period after an arterial pressure change had occurred.
Results. In 10 out of 13 children, a non-invasive arterial pressure recording could be obtained. Therefore, recordings from these 10 children were eligible for further analysis, resulting in 40 data points. The correlation coefficient between reBAP and IAP in tracking mean arterial pressure (MAP) changes was 0.98. reBAP followed changes in IAP with a mean bias for systolic, diastolic arterial pressure, and MAP of 0.0 mm Hg (SD 5.8), 0.1 (SD 2.8), and 0.19 (SD 2.7), respectively.
Conclusions. The prototype device closely follows arterial pressure changes in children. However, in a considerable number of attempts, obtaining a signal was time-consuming or unsuccessful. This technique seems promising but requires further technical development.
Keywords: arterial pressure; haemodynamic monitoring; paediatric anaesthesia; paediatrics Accepted for publication: 15 May 2010 In children undergoing major surgery, significant changes in arterial pressure may result in decreased organ perfusion and tissue damage. 1 Routinely, non-invasive arterial pressure (NIAP) measurement using the automatic oscillometric technique with an upper arm inflatable cuff is used during anaesthesia. NIAP measurement is an easy, relatively fast, non-invasive but intermittent technique. Therefore, NIAP is less suitable for monitoring patients with (possible) rapid changes in arterial pressure. Also NIAP measurements may be less reliable compared with intra-arterial pressure (IAP) measurement. 2 -5 IAP measurement using an intra-arterial catheter is commonly used during major surgery and in critically ill patients. IAP provides a reliable and continuous arterial pressure measurement and also allows for blood sampling. However, arterial catheter placement in children is undesirable before induction of anaesthesia, can be timeconsuming, and requires extensive experience. In addition, the method is associated with a small risk of bleeding, infection, and distal limb ischaemia. 6 For these reasons, NIAP is still frequently used in small children. Arterial pressure can be continuously monitored using an inflatable cuff around the finger using the Nexfin TM device (BMEYE, Amsterdam, The Netherlands). The Nexfin TM device is the improved and further developed successor of the former Finapres TM device (Ohmeda, USA) and is based upon similar technology. This non-invasive finger arterial pressure (FAP) measurement method has been widely studied and has proven to be feasible and reliable in adult subjects. 7 8 Accuracy and precision of Nexfin TM in adult patients are compatible with the standards of the Association for the Advancement of Medical Instrumentation (AAMI) that allow a maximum bias of 5 mm Hg and a maximal standard deviation of 8 mm Hg. 9 10 The former Finapres device has previously been studied in children using cuffs originally designed for adults. In these studies, there was a significant measurement bias compared with IAP, but the Finapres accurately tracked short-term arterial pressure changes. 11 -13 Recently, a research prototype with special adaptations for use in the paediatric population (Nexfin-paediatric) was developed by the company that develops the Nexfin TM device and, in the past, also developed the Finapres device (BMEYE, Amsterdam, The Netherlands). In two recent studies, the accuracy of this new prototype for measuring arterial pressure in critically ill children under haemodynamic stable conditions was shown to be acceptable compared with IAP. 14 15 The goal of the present study was to assess the accuracy of Nexfin-paediatric in detecting rapid arterial pressure changes in young children undergoing congenital cardiac surgery.
Methods

Subjects
We included 13 children undergoing congenital cardiac surgery. In all children, IAP monitoring was part of their routine anaesthetic management. Non-invasive FAP measurements were only used for research purposes and not for clinical decision-making. Because of the non-invasive and observational design of adding FAP measurements, the local ethics committee approved the study protocol and waived the need for informed consent. We chose this patient group because of the availability of IAP in all children and the magnitude of the expected arterial pressure changes.
Anaesthesia
Premedication consisted of the rectal administration of midazolam 0.3-0.5 mg kg 21 . Induction of anaesthesia was performed using inhaled sevoflurane (3 -8% Muscle relaxation was achieved using pancuronium 0.2 mg kg 21 . The trachea was intubated using a 3.5 -6 mm cuffed tracheal tube (Mallinckrod, Hazelwood, MO, USA), and the lungs were mechanically ventilated in a volumecontrolled mode using tidal volumes of 6-10 ml kg
21
(Aestiva, Datex-Ohmeda, Madison, WI, USA). Normocapnia, guided by capnography, was achieved by adjusting the respiratory frequency or tidal volume to maintain an end-tidal CO 2 tension between 4 and 5 kPa. At the end of the surgical procedure, all children were admitted to the paediatric intensive care unit. Children were routinely monitored using EKG, IAP, transcutaneous arterial oxygen saturation, capnography , core temperature, skin temperature, and central venous pressure.
Non-invasive arterial pressure measurement
The Nexfin-paediatric is a research prototype that provides continuous, non-invasive FAP in children. Both the former Finapres device and the new prototype are based upon the volume-clamp principle of Peň az in combination with the Physiocal criteria of Wesseling. 16 -18 The device uses an inflatable finger cuff with a built-in photoplethysmograph ( Fig. 1 ). The pressure in the finger cuff is controlled by a fast reacting servo system. The setpoint of the servo is determined by the Physiocal criteria and is dependent on the visco-elastic properties of the wall of the finger arteries. The Physiocal criteria drive the calibrating procedure of the device. This calibrating procedure is performed automatically and is activated frequently at the start of the measurement; its frequency declines when a more stable signal is detected. With this method, the finger cuff never occludes the finger arteries, which means that the blood flow to the finger is maintained under all circumstances. The pressure in the inflatable cuff closely resembles the FAP. FAP is physiologically lower than arterial pressure measured at the brachial level, which is the most common site of arterial pressure readings. Also the waveform characteristics are different. 19 20 To solve this discrepancy, a software algorithm can be used which converts the FAP to a reconstructed brachial artery pressure waveform (reBAP). 8 21 22 In adults, reBAP is
Inflatable cuff Photoplethysmograph used and displayed real time in the Nexfin TM device. The Nexfin-paediatric also has this capability. However, during this study, the reconstruction of reBAP from the FAP was performed offline solely for research purposes.
Nexfin-paediatric differs from Nexfin as follows. Specially designed research prototype small paediatric finger cuffs in four different sizes were used to acquire FAP. The measurement device was adjusted for this study and equipped with special paediatric software for servo control and physiological setpoint (Physiocal) determination. The device allowed for storing FAP and IAP signals simultaneously with a 200 Hz sample rate. Subsequently, the stored data were processed offline with a special software package (Beatscope 1.1, TNO Biomedical Instrumentation, Amsterdam, The Netherlands). Beatscope incorporates a software algorithm to convert FAP waveforms to reBAP waveforms. After application of the software algorithm for reconstructing the brachial arterial signal, the resulting reBAP values were stored and compared with IAP values. Thus, we collected the 'raw' FAP signal (FAP) digitally. Subsequently, we used a software algorithm offline to produce the reconstructed signal (reBAP). reBAP is considered the standard and most accurate arterial pressure signal from this device.
Invasive arterial pressure measurement
After induction of anaesthesia, a 22 or 24 G catheter was inserted and connected, using standard low compliant tubing, to a disposable pressure transducer (Edwards Lifesciences, Irvine, CA, USA). The attending paediatric cardiac anaesthetist chose the site of insertion based upon clinical judgement. The radial and femoral arteries were the preferred sites. The brachial artery was only used when other routes were unsuccessful. The pressure transducer was zeroed to ambient air pressure and positioned at the level of the mid-axillary line. Air bubbles were flushed from the system before data collection. The IAP measurement was checked for quality by visually inspecting the waveform and performing a square wave test. With this test, underdamped (extra oscillations) or overdamped (slowed upstroke and loss of oscillations) pressure systems can be identified. Routine monitoring was instituted using the HP Merlin CMS monitoring system (originally a product of HP, Irvine, CA, USA; nowadays: Philips, Eindhoven, The Netherlands). The monitor output signal was connected to the Nexfinpaediatric pressure measurement device, which enabled the registration of the arterial curve with 200 Hz sampling rate.
Recording of IAP and FAP
After IAP was obtained, an appropriate size finger cuff was placed on the middle phalanx of the second or third finger, preferably according to the guidelines provided by the manufacturer. In the child with a brachial arterial catheter, the cuff was placed on the contralateral hand. In five children with a radial artery catheter, the cuff was also placed on the contralateral side in all but one. When a femoral arterial catheter was used either hand could be taken for finger cuff placement. The same observer (C.M.H.) applied the finger cuff in all experiments.
An attempt to acquire FAP was defined as a procedure to apply or reapply the finger cuff and start the device until an acceptable finger arterial curve appeared on the screen and the Physiocal calibrating procedures were infrequent. The quality of the FAP curve was the primary consideration and resemblance with the IAP curve was not checked since reconstruction of the FAP signal to reBAP was not performed at this stage.
The hand was fixed at the mid-axillary level to prevent any hydrostatic level errors. FAP and IAP were simultaneously and continuously recorded using the prototype device during the whole course of the surgical procedure, with exception of the period on cardiopulmonary bypass (CPB). Although measurement of FAP is possible during CPB, this was not the goal of this study.
Core temperature and temperature of the palm of the hand to which the finger cuff was attached were constantly monitored. The hand and fingers were checked regularly for signs of tissue hypoxia or other side-effects.
Data comparison
As noted above, data were analysed offline. We compared IAP and reBAP measurements of absolute arterial pressure levels during a 10 s control period after onset of a recording session. To determine the ability of reBAP to track arterial pressure changes, we identified the four largest changes in IAP during each surgical procedure. This was done by analysing the complete IAP recording afterwards for the whole procedure without knowing the reBAP data. For each patient, we searched for large changes in mean arterial pressure (MAP) regardless of whether these changes were an increase or a decrease in arterial pressure. In order to select only rapid changes, we also searched only for changes that occurred within a 5 min time frame. Eventually, the four largest changes in MAP that occurred within a 5 min time interval were eligible for further analysis. At last, we compared the arterial pressure values acquired with IAP with the values of reBAP during a 10 s period just before and after an arterial pressure change occurred.
Statistical analysis
To assess the adequacy of reBAP in determining absolute arterial pressure levels, we compared reBAP and IAP and calculated bias (reBAP-IAP) and limits of agreement (LOA) (1.96×SD) using the Bland -Altman method. 23 24 Only one measurement per patient was used for comparing absolute values. To determine the accuracy of tracking arterial pressure changes, we compared the IAP changes with the changes in reBAP using the Pearson correlation coefficient and the Bland -Altman analysis for multiple measurements per subject. 25 Data were checked for normal distribution using the Kolmogorov-Smirnov test. The influence of Non-invasive arterial pressure monitoring in children vasoactive drugs on the mean bias was checked using Student's t-test.
The primary goal of this study was to compare changes in arterial pressure as measured by reBAP and IAP. Therefore, we considered a correlation coefficient between changes in reBAP and IAP of 0.9 or greater significant. At the same time, a value of 0.7 (or less) would be unacceptable. When using a significance level of 0.05 and a power of 0.9, this would require a sample size of 31.7. Since we planned to analyse the four greatest changes in arterial pressure per patient, this would result in eight children. Because of uncertainties with respect to technical aspects, we included five more children (total 13).
Calculations and data management were performed using Excel for windows (Office 2007, Microsoft, Seattle, WA, USA). Statistical calculations were performed with MedCalc 11 (MedCalc Software, Mariakerke, Belgium).
Results
Thirteen children (ASA classes II-IV) with a median age of 11 months undergoing congenital cardiac surgery were included in the study. All patients had an adequate IAP signal. In three children, no FAP curve could be obtained even after multiple attempts with different sized cuffs on different fingers. These children were not different from the other 10 concerning type of surgery, baseline arterial pressure, heart rate, or hand temperature. The overall success rate was therefore 76%. Patient characteristics are described in Table 1 .
On average, we needed five attempts for each patient (range 1-22) to obtain an acceptable FAP signal. A total of 1100 min of simultaneous arterial pressure registration was recorded with a mean of 106 min (range 50-180 min) per patient. Eventually, data from 10 patients were eligible for further analysis including the four largest arterial pressure changes per patient, and this resulted in 40 data points for analysis.
During anaesthesia, the mean MAP value measured intraarterially was 59.5 mm Hg (range 28.4-106.6 mm Hg). An example of an individual tracing of reBAP and IAP is shown in Figure 2 . Table 1 Patient characteristics; data expressed as mean values (range). k, ketanserin; d, dobutamine; m, milrinon; f, fenylephrine; n, norepinephrine; e, epinephrine; VSD, ventricle septal defect; ASD, atrial septal defect; Fallot, tetralogy of fallot; Ross, Ross procedure for aortic stenosis; Glenn, bidirectional glenn procedure in the case of hypoplastic left heart syndrome; PA, pulmonary artery; rad, radial artery; fem, femoral artery; brach, brachial artery The bias between the two measurement methods was not significantly correlated to body weight, hand temperature, or core temperature with a correlation of 20.53 (95% CI 20.86 to 0.14), 0.08 (95% CI 20.74 to 0.66, and 20.24 (95% CI 20.84 to 0.62) respectively. There was no difference in bias between IAP measured at the radial artery and reBAP or IAP measured at the femoral artery and reBAP.
Changes in arterial pressure measured with reBAP and IAP were highly correlated with r 2 of 0.96 for SAP, 0.97 for DAP, and 0.98 for MAP. The changes in MAP are shown in Figure 3 . reBAP tracked changes in IAP with a mean bias for SAP, DAP, and MAP of 0.0 (SD 5.8), 0.1 (SD 2.8), and 0.2 mm Hg (SD 2.7), respectively (Fig. 4) .
Discussion
Our study demonstrates that reBAP measured with the prototype Nexfin-paediatric is capable of tracking arterial pressure changes in children undergoing congenital cardiac surgery. Although several previous studies have been performed in children using the former Finapres device, this is the first study to use finger cuffs and physiological software especially designed for small children during major surgery. The accuracy of reBAP in determining absolute arterial pressure was comparable with a previous study performed in critically ill children.
14 Unfortunately, in almost 25% of patients, a FAP signal was not obtainable after induction of anaesthesia. This is different from previous studies performed in small children admitted to an ICU and from studies in adult patients where reBAP shows a success rate of 97%. 8 12-15 26 Besides a lower success rate, the absolute difference between reBAP and IAP was comparable with the previous study. 14 DAP and MAP were adequately reflected by reBAP, but there was a 9 mm Hg underestimation of SAP.
The lower success rate may be explained by the use of volatile anaesthetics, the occurrence of core hypothermia, and a decreased environmental temperature in the operating theatre. Volatile anaesthetics may reduce peripheral blood flow. 27 However, after induction, intraarterial diastolic pressure decreased to an average of 46 mm Hg which was only slightly lower than the pressures measured in previous studies. Core hypothermia, which commonly occurs during surgery, causes vasoconstriction in digital arteries, which reduces blood flow. The use of sevoflurane impairs this thermoregulatory response, lowering the threshold for peripheral vasoconstriction to 35.18C. 28 However, hand temperature was not significantly lower in those patients where a noninvasive signal was unobtainable. Non-invasive arterial pressure monitoring in children When assessing the accuracy of a new measuring device, one has to ensure an appropriate 'gold standard' for comparison. When a gold standard does not exist, a new method has to be compared with the next best method. In this particular study, we used the intra-arterially measured arterial pressure. However, the adequacy of the IAP, systolic pressure in particular, is affected by the quality of the pressure waveform. 29 Therefore, measurement discrepancies between reBAP and IAP may also result from measurement errors in IAP, although an adequate IAP signal was obtainable in every patient. A limitation of this study is the use of different catheter insertion sites for the measurement of IAP, although we were unable to detect significant differences in bias between various arterial catheter insertion sites. Also, there was no relationship between bias on the one hand and core temperature, hand temperature, or the use of vasoactive drugs on the other.
Despite a recording period of several hours, we did not encounter any side-effects. This is in agreement with previous studies in children. 12 -15 The research prototype type and the paediatric finger cuffs need further development for clinical use in a next version of this device. Also, this version of the software algorithm for reconstructing the brachial arterial signal is designed for adults. Although it performed acceptably in an earlier paediatric study, a further improved version for a paediatric population is currently under construction.
14 This further improvement is based upon the different elastic properties of arteries in children compared with adults. 19 Thereafter, more research is needed to evaluate the accuracy of this new technique in children. With regard to the commercially less interesting paediatric market, this development poses a challenge to every manufacturer.
In adults, the Nexfin technology is capable of measuring cardiac output using a reconstructed brachial arterial pressure curve; this may be a valuable adjunct to Nexfinpaediatric. 30 31 Also, the reBAP signal could be used for determining fluid status using arterial pressure variations. 32 In certain cases where a fast continuous technique is vital, such as emergency medicine, anaesthesia, and critical care medicine, a non-invasive finger sensor device could prove to be effective. Also, given the non-invasive nature of the measurement, this continuous technique could be valuable for research purposes. Continuous non-invasive reconstructed brachial artery pressure from FAP adequately reflects IAP changes in children during cardiac surgery. However, the measurement in the operating theatre using this prototype can, at the present state of development, still be timeconsuming and has a significant failure rate. With further development, this technology could be useful for monitoring arterial pressure in children in the clinical setting.
